A simple method for measuring the efficiency of expired air mixing devices is described. Preliminary studies comparing a number of mixing chambers indicate that the bag-inbottle system is the most efficient. The dependence of mixing efficiency on VT, f and expired flow rate is demonstrated. Two types of mixing failure are distinguished. The clinical implications are discussed, including those relating to deadspace measurement and the diagnosis of pulmonary embolism.
Measurement of the carbon dioxide concentration in mixed expired air (FEOO 2 ) is required for a number of purposes, notably calculating the physiological deadspace. Traditionally FE C02 has been measured by collecting expired air in a 60-litre Douglas bag, mixing it and then analyzing it, a method which is highly accurate provided certain precautions are taken. A more recent procedure involves passing expired air into a chamber of only 2-6 litre capacity, in which continuous mixing occurs; some of the gas emerging from the chamber is then taken for analysis. This is much more convenient than the Douglas bag method and has another advantage in that, when used with a fast carbon dioxide meter, continuous monitoring of FE C O 2 is possible, in theory. However, it is not certain yet if this method can match the Douglas bag technique for accuracy; this depends on whether rapid, complete mixing of small volumes of expired air can be achieved.
A number of mixing devices have been described, so the problem is to decide which is the most efficient and whether, in fact, perfect mixing is produced. A mixing chamber can be assessed by comparing the results obtained from it, with those given by a Douglas bag in series with it. However, this is harder than appears at first sight. Accurate comparison depends on FI C0: , being constant for at least a few minutes, and this is virtually impossible to achieve in spontaneous breathing because of the difficulty of keeping a steady VT and f. With a patient paralyzed on a ventilator a constant VT and f can be produced, but it is not justifiable to subject patients to a wide variety of procedures merely for testing apparatus. Moreover, comparisons with the Douglas bag method are of no value if measurements are required in the non-steady state. The aim of the present study, therefore, was to develop a method of assessing mixing devices, which did not require a ventilated patient, and which also was accurate, simple and cheap.
METHODS

Theory.
The mixing chamber to be tested is filled with carbon-dioxide-free air first and then fixed volumes of gas with a constant carbon dioxide concentration are passed into it. The changes in carbon dioxide concentration in the chamber are measured, and mathematical analysis of the curves produced enables mixing efficiency to be calculated.
A quantum of gas, or "breath", passes into the mixing chamber and the first assumption is that each breath is complete before any of the gas entering the chamber reaches the exit port ( fig. 1 ). The gas then mixes with that already in the chamber and the second assumption is that mixing is complete before the next breath arrives ( fig. 2) . If the curves calculated on this basis are identical with those obtained experimentally, then the assumptions outlined above may reflect what happens in reality. Conversely, deviations from the theoretical curves of perfect mixing could in theory be due to departure from either of the two basic assumptions. Failure to accord with the first assumption will be referred to as "bypassing", whilst deviations from the second assumption will be described as "residual nonmixing". The experimental data will be discussed in relation to these theoretical possibilities.
The mathematics is presented in full in the Appendix and only the main principles will be outlined at this point. Consider breath 1 first. Where VT is the volume of the breath and FB is its carbon R. S. CORMACK, F.F.A.R.C.S., Department of Anaesthetics, Royal Infirmary, Bristol BS2 8HW, England. 2. This represents the position just before another breath enters the chamber. The shaded area is the previous breath, which in (a) has mixed completely with the air that was already in the chamber, whereas in (b) there is some residual non-mixing.
dioxide concentration, then the quantity of carbon dioxide entering the chamber with each breath is FB.VT. Thus at the end of breath 1 the carbon dioxide concentration in the chamber, F,, is given by:
when C is the volume of the chamber. Similarly for breath 2: carbon dioxide present initially=F,.C; carbon dioxide lost = F,.VT; carbon dioxide added =FB.VT. Thus at the end of breath 2 carbon dioxide concentration is:
This stepwise calculation is useful for visualizing the processes involved and also for checking the more sophisticated mathematics, but it is tedious in practice because a curve of, say, 15 points would require the solution of 15 separate equations. This objection is overcome by a different approach which enables the entire curve to be constructed from a single equation, the derivation of which is given in the Appendix:
where n is the number of breaths and F n is the carbon dioxide concentration in the chamber on completing n breaths. Three conclusions follow from this equation:
(1) Plotting the data in the form log (FB-F D ) against n should give a straight line ( fig. 3a, b) .
(2) Where n=0, then log (FB-F n ) must equal log FB; therefore the intercept should be at log FB ( fig. 3b) . FIG. 3a . This is a tracing from the potentiometric recorder, which was registering the output of the infrared carbon dioxide meter. It shows the stepwise increase in carbon dioxide concentration that occurred as each quantum of gas entered the mixing chamber in a typical mixing experiment. A = sampling from mixing chamber. B = sampling from Douglas bag.
Log ( fig. 3a are plotted above, in the form log (FB-F n ) against n. FB=carbon dioxide concentration in the Douglas bag. F n =carbon dioxide concentration in the mixing chamber after n breaths. The Douglas bag contained 3.87 per cent carbon dioxide, therefore log FB = 2.588. The line cuts the ordinate at 2.585.
(3) The third and most useful conclusion is that the slope of the line is given by log [1-(VT/C)]; from this the mixing efficiency can be calculated: slope = log[l-(VT/Q] therefore, VT = C (1-antilog slope).
Thus, if C is known and the slope is measured from the experimental data, then the equation above can be solved for VT. VT calculated thus should be the same as the measured volume delivered to the container, if mixing is perfect. If the calculated VT is less than the measured VT, then the mixing is less than perfect and for convenience the results will be expressed as percentages:
Gas delivery. Figure 4 shows the apparatus schematically. The carbon dioxide and air mixture supplied to the mixing chamber was expired air from a 60-litre Douglas bag. Constant volumes of this mixture were delivered by a modification of the tidal-volumelimiting instrument of Haldane, Meakins and Priestley (1918) . The required VT was obtained by adjusting the height of the stop. The bellows was hand-operated and the actual volume delivered was measured by passing the outflow from the mixing chamber into a 10-litre water-bell spirometer (Godart, "Compliance Test"). Room temperature was stabilized to about 21-22°C, since temperature alters the volume both of the gas and of the containers and also the carbon dioxide meter output. The volume of the mixing chamber was measured by water displacement and the measuring cylinder used for this was also used to calibrate the spirometer; any systematic error in volume measurement, therefore, applied equally to VT and C, so that the ratio VT/C was not affected. This was important because mixing is determined by 1 -(VT/C), as shown by the equation above. The frequency, f, with which the gas aliquots were delivered to the chamber was adjusted by watching the movements of a series of vertical lines on a kymograph drum as they passed a fixed point. This is easier than the conventional method of listening to a metronome. Gas flow rate into the chamber was measured from the spirometer tracing.
Widi this system any combination of VT, f and expiratory flow rate could be produced, but the constancy of VT and f obtained was far greater than is possible in spontaneous breathing.
Carbon dioxide measurements.
To match the reproducibility of the tidal volumes produced, the carbon dioxide fraction had to be estimated accurately to the fourth decimal place. Such accuracy can be obtained with the infra-red carbon dioxide meter, provided certain precautions are taken, as shown previously (Cormack and Powell, in press ). In the previous studies carbon dioxide measurements were made in isolation and it seemed possible, therefore, that the accuracy might be less good when carbon dioxide estimation was one part of an experimental procedure, particularly since the carbon dioxide meter is less stable when wet gases are used. (Wet gases had to be used in the present study because of the volume error introduced by drying the gas.) It was therefore decided to check the carbon dioxide measurements against the LloydHaldane apparatus, the accuracy of which was demonstrated earlier (Cormack, in press ). Thus, in the first six experiments samples were analyzed by both the carbon dioxide meter and the LloydHaldane apparatus.
The carbon dioxide meter used was the Hartmann and Braun URAS4, the output of which was registered on a digital voltmeter, Solartron LM1867. The calibrating gases were obtained from four cylinders containing carbon dioxide in air mixtures, ranging from 1 to 4 per cent. The gases were bubbled through water at room temperature to ensure that they had the same water vapour content as the gas sampled from the mixing chamber and Douglas bag. The sample was taken from one end of the mixing chamber and returned to the opposite end, in order to reduce residual non-mixing, the sampling flow being 1 l./min throughout. Further details are given by Cormack and Powell (1972) . The output of the carbon dioxide meter was recorded, in some instances, on a potentiometric recorder (Control Instruments Limited, Hi Speed); this was less accurate than the digital voltmeter, but illustrated qualitatively some features of interest.
Samples for Lloyd-Haldane analysis were taken into 50-ml glass sampling tubes, rilled with mercury, two of which were sealed into the mixing chamber. Another pair of sampling tubes was used to take gas from the Douglas bag. These experiments were well suited to Lloyd-Haldane analysis, because the best results are achieved by making a small number of accurate analyses, as explained in the mathematics section.
Mixing devices.
Two types of mixing chamber were used, of identical dimensions, but differing in the sites of entry and exit. In one type the exit tube was opposite the entry tube and this was used in experiments 1-4 ( fig. 5 ). In the other type, entry and exit tubes were both at the same end and this was used in experiments 5 and 6. The chambers were of plastic and had a diameter of 16.5 cm. The capacity was 4550 ml when empty and from this was subtracted the volume of the mixing device in each case.
Experiment 1 was done with an empty chamber (fig. 5). In experiment 2, there was a distally-placed baffle, similar to that described by Smith (1968) . The baffle was 16.5 cm in diameter, perforated peripherally, and with a central portion 5.0 cm in diameter, which was not perforated. In experiment 3 there was an electrically driven propeller, 14 cm in diameter, placed proximally. In experiment 4 there was a proximal, unperforated baffle of 9.5 cm in diameter. In experiment 5 a venturi device was connected to the inlet port; the central tube had a diameter of 1.1 cm and the narrowest part of the flared outer tube had a diameter of 3.1 cm. Experiment 6 was done on the bag-in-bottle system. A 2-litre rubber Magill bag was attached to the entry port and located between two flat, plywood plates, the upper plate being weighted. The tip of the bag was cut off and stitched with thread, the size of the orifice being adjusted to give an emptying time of 3.0-3.5 sec. The emptying time was denned as the time taken for the bag to go flat after 1400 ml of air had been passed quickly into it. This device is a modification of one described by Raper and Webb (1969) in which the bag hangs vertically. Placing the bag horizontally between plates facilitates adjustment of the emptying time. A perspex window enabled bag movements to be observed.
Experimental procedure.
Experiments 1-5 were carried out as follows. The chamber, initially filled with room air, was sealed; the carbon dioxide was then removed by circulating the air to and from the carbon dioxide meter at 2 l./min, with soda-lime tube in the circuit. The carbon dioxide fraction was reduced from about 0.0007 to less than 0.0001 in 10 min. The chamber was then unsealed, the tube from the volume-fixing device was connected and three breaths of 1400 ml were passed into the chamber at f= 10/min. On completing breath 3, the carbon dioxide meter voltage was recorded and one of the sampling tubes sealed into the chamber was filled. The carbon dioxide meter supply tube was then transferred to the Douglas bag, the voltage was recorded and a sampling tube filled. The experiment was then repeated to obtain duplicate readings of F 3 and FB. The carbon dioxide fractions in the pair of F 3 samples usually did not differ by more than 0.0001 and Lloyd-Haldane analyses were not done in duplicate unless the difference was greater than this. The same procedure was used with the FB samples. In short, a pair of experiments could normally be completed with only four Lloyd-Haldane analyses for carbon dioxide. Equation (3), shown in the Appendix, gave the mixing efficiency.
For the bag-in-bottle experiments a slightly different procedure was required, since it was necessary to analyze breath 1 as well as one additional breath, usually F 4 , the reasons for this being explained in the Appendix. The procedure also differed in that initial carbon dioxide removal was not necessary; again the reasons for this are clear from the mathematics section. Equation (8) gave the mixing efficiency.
Sampling F 3 or F 4 was appropriate only when VT was 14C0 ml, as explained in the Appendix; when smaller VT levels were studied the decision on which breath to select for sampling was governed by equation (7). After the first six experiments carbon dioxide analyses were made by carbon dioxide meter only and a pair of duplicate experiments, including initial setting up and final calculation, could easily be completed in an hour. Lloyd-Haldane analyses required a further hour.
RESULTS
The results are shown in tables I-III and in figures 3a, 3b, 5, 6 and 7. Samples were analyzed both by the Lloyd-Haldane apparatus and the carbon dioxide meter, the results being shown for comparison. Experiment 2 is omitted because no valid calculations could be made with the carbon dioxide meter, owing to a zero shift. The results of experiment 2 were therefore based on the Lloyd-Haldane analyses only.
DISCUSSION
Accuracy of the method.
In experiments 1-6, where samples were analyzed by both the Lloyd-Haldane apparatus and the carbon dioxide meter, the difference never exceeded 0.0002 (table I) . It was considered, therefore, that the use of the carbon dioxide meter under these experimental conditions had been justified. The need for accuracy is illustrated by the fact that an error of +0.1 per cent (the figure widely quoted for the infra-red carbon dioxide meter) can give the result appropriate to perfect mixing when there is, in reality, a 10 per cent mixing failure.
As regards the calculated mixing efficiency, duplicate estimations differed by less than 1 per cent in most cases, indicating a satisfactory reprodutibility. However, the possibility of a small systematic error remains owing to the difficulty of measuring C with the bag-in-bottle. The volume occupied by the bag when empty is not easy to measure precisely; underestimating C by 40 ml would mean overestimating the mixing failure by 1 per cent at all VT levels. Absorption of carbon dioxide by plastic and rubber in the chamber would give a small systematic error in the same direction. (fig. 5) .
Comparison of mixing devices
The very poor mixing obtained in experiment 1 was predictable from the tendency of gas to take mainly the axial pathway, which has long been recognized (Henderson, Chillingworth and Whitney, 1915; Haldane, 1935) . Experiment 2: Smith (1968) argued that a conical chamber inlet causes the gas front to spread out and further mixing is produced by the distally placed baffle. The disappointing results obtained in the present study may be due to the chamber inlet being incorrectly angled and further tests with a variety of shapes are indicated. Experiment 3: mixing by propeller was used by Krogh and Lindhard (1917) in their classical deadspace studies. The poor mixing obtained in the present study was unaffected by altering f from 20 to 1/min, which suggests that, although a propeller may be effective for abolishing residual non-mixing, it is not efficient at preventing bypassing. Experiment 4: the moderately good result obtained with a proximal baffle was presumably due to its disruption of the axial stream and the venturi device, experiment 5, probably acts mainly in the same way. In experiment 6 the bag-in-bottle produced near-perfect mixing, indicating that it is considerably better than the other devices tested, this being the main conclusion from figure 5.
Bag-in-bottle.
The next series of experiments was designed to study in more detail the system which appeared to give the best results, namely the bag-in-bottle. To analyze the causes of mixing failure VT and f were varied independently. Bypassing, as defined earlier, would be expected to vary with VT, but not with f, whereas the reverse would be anticipated for residual non-mixing.
Effect of VT.
The effect of varying VT on the performance of the venturi device and of the bag-in-bottle is shown in figure 6 . The marked influence of VT on the venturi system indicates that bypassing is the main cause of mixing failure and it also follows that the superiority of the bag-in-bottle is due to its effectiveness in reducing bypassing. Clearly, if the gas entering the chamber were confined to the bag, leaving it only after gas entry had ceased, then bypassing would be eliminated altogether. To achieve this completely would require a fairly complex device; the system described here was designed to approach the ideal with simple apparatus, gas flow out of the bag being reduced to the slowest rate compatible with complete, or near-complete, emptying before the arrival of the next breath. The original system of Raper and Webb (1969) was modified to facilitate this adjustment. Table II shows that with the bag-in-bottle, when VT=1400 ml, the small mixing failure persists even when f is reduced to 5 so that it does not appear to be due to residual non-mixing. In contrast, at the low VT of 500 ml mixing failure is only 2 per cent when f=5, little different at f = 10, but when f increases to 20 the mixing failure rises by about 3 per cent, indicating that residual non-mixing is occurring. The greater tendency to residual nonmixing at low VT levels is probably due to the smaller bag excursions. The effect of varying f on the performance of the bagin-bottle system was studied at two VT levels.
Effect of t.
Effect of expired flow rate.
In the experiments discussed above, the time taken for each breath to enter the chamber was approximately 0.8 sec, and the effect of faster or slower expired flow rates is shown in table III. The slowest flow gives 2 per cent greater mixing failure than occurs at the fastest flow. The low f value used, 5/min, would eliminate residual non-mixing, so the effect observed must be due to bypassing, which, as expected, is more prominent at slow expired flow rates.
To summarize, bypassing was the largest cause of mixing failure and the bag-in-bottle was the most promising device tested because it eliminated bypassing more effectively than the others, especially at high VT levels. The characteristics of the bag-in-bottle can be stated briefly as follows. At VT=1400 ml there was roughly 3 per cent bypassing and at slow expired flow rates this figure was increased by 2 per cent. Residual non-mixing did not occur unless there was a combination of low VT and high f; thus, when VT=500 ml and f=20/min, residual nonmixing amounted to about 2 per cent. The performance of the bag-in-bottle system was studied at three different expiratory flow rates. VT = 1400 ml and f=5/min, throughout.
Clinical context.
The changes in VT and f, that were produced with this technique, mimic closely those that occur in the artificially ventilated patient, so that arguments based on the effects of varying VT and f should apply equally in both cases. Expired flow rate was not reproduced exactly, but this factor appears to be relatively unimportant in causing mixing failure.
The conclusions above should therefore be applicable in the clinical context and any mixing device that can be shown by the in-vitro method to give perfect mixing could reasonably be expected to cause no error with in-vivo measurement of FE C O 2 -Unfortunately none of the mixing devices tested so far has produced perfect mixing. Bypassing might be eliminated in the bag-in-bottle by using a larger chamber. This would increase the tendency to residual non-mixing and to eliminate this a further mixing device such as a propeller would be required. Mixing is therefore more complex than appears at first sight and, if perfect mixing were essential, the simplest solution might still be a small Douglas bag.
Accepting that the bag-in-bottle produces a small mixing failure, the next question to consider is whether this would cause a significant error in FE C02 estimation.
Bypassing must produce a systematic error in FE C02 estimation, even in the steady state. Gas bypassing the chamber as expiration starts must consist mainly of gas remaining in the bag from the previous breath and this would have a composition closer to alveolar gas than to deadspace gas. Assuming, therefore, that the bypassing gas were wholly alveolar, and assuming also that VT=500 ml, VD anat =150 ml and FAC O 2 = 0.0550, then a simple calculation from Bohr's equation shows that whereas the true FE C O 2 -0.0385, the apparent FE C02 with 2.5 per cent bypassing would be 0.0381. Thus the error is only 0.0004 and the calculated physiological deadspace would be overestimated by only 4 ml. This would be negligible for many purposes, since the SD of deadspace estimations is far greater than 4 ml with present techniques. Moreover, the error would be even smaller than that calculated above, because it was assumed that the bypassing gas was wholly alveolar; in fact its composition would be much closer to that of mixed expired air, because a high degree of mixing must occur within the bag. The exact error could in theory be found by comparing the bag-in-bottle system with the Douglas bag method, in vivo, but the difference would be hard to detect.
Residual non-mixing would produce no systematic error in FE C02 estimation in the steady state and is therefore a less serious type of mixing failure than bypassing. The gas emerging from the chamber would be slightly inhomogeneous, so that accurate carbon dioxide estimation might be a little harder than with a completely mixed gas.
In the non-steady state, however, that is when Vco 2 is not constant, residual non-mixing may raise problems by prolonging the time taken to register changes in FE r02 . Severinghaus and Stupfel (1957) showed that pulmonary embolism increased the endtidal to arterial Pco 2 gradient and suggested that this could be an aid to diagnosis. But they acknowledged that the picture would be less clear if there were uneven distribution of ventilation, because this distorts the alveolar plateau. However, this difficulty could be reduced by measuring the expired to arterial Pco 2 gradient, instead of the alveolar to arterial gradient. Monitoring FE C n s could provide an early warning signal of pulmonary embolism and for this purpose a mixing chamber which produced no residual non-mixing would be an advantage, because a fall in FE C O 2 would then show up quickly and clearly. The possible importance of this is underlined by recent work indicating that the respiratory changes are amongst the most sensitive signs of small pulmonary emboli (Bethune and Brechner, 1968; Edmonds-Seal, Prys-Roberts and Adams, 1971) .
IS
Similar considerations apply whenever FE C02 estimations are required in the non-steady state. For example, anatomical deadspace measurements based on the Bohr equation, or modifications of it, entail calculation of the alveolar-to-expired time lapse. Residual non-mixing prolongs this interval and makes it difficult to calculate, but with perfect mixing it can be calculated simply from the expression C/f.VT. Strictly, this is true only if dVco 2 /dt is constant, but over short periods of time this assumption is very nearly correct.
Further points. Two further points of interest arose from these studies. Constructing a complete mixing curve of about 20 points is useful occasionally, and is easily done when the carbon dioxide meter output is fed into a potentiometric recorder. Poor results were obtained initially with the venturi device and the points failed to lie on a straight line ( fig. 7) . The double line suggested the presence of two mixing regions, which was confirmed by repeating the test after occluding the neck of the chamber; a single line was produced and mixing was improved by about 6 per cent ( fig. 7 ). This must have been a residual non-mixing effect, and to prevent it mixing chambers must have no cul-de-sacs. For teaching purposes this experiment can usefully FIG. 7. Effect of a cul-de-sac. Mixing efficiency was measured before and after occluding the 40 ml neck deadspace of the chamber. In both experiments the procedure was standardized as follows: Mixing device, venturi; VT = 1400 ml; f=10/min; expiratory time=0.8 sec, approx.
be compared with the "N 2 wash-out" curves obtained on the human lung in health and disease (Comroe et al., 1962) . Secondly, Sykes (1968) produced mixing with a series of rubber bags containing nylon mesh. This system does not lend itself to analysis by the method described here because of the mathematical complications. But, from the results of the present study it seems likely that although residual non-mixing would occur with Sykes' device, bypassing should be largely eliminated. Thus no serious error would occur in the steady state. 
C
Volume of the mixing chamber, in ml. VT Volume of gas, in ml, delivered by each cycle of the volume-regulaUng device, a "breath". f Frequency with which gas volumes are delivered to the mixing chamber, in "breaths" / minute. n Number of "breaths" that have been delivered to the mixing chamber. FB Carbon dioxide concentration in the Douglas bag supplying gas to the mixing chamber. F,, F 2 , F n , etc. Carbon dioxide concentration in the mixing chamber at the end of "breath" 1, 2, n, etc. An, B n , E, These terms are used only once and are F n (E), VT(E) denned as they arise. log Denotes log,,,, not loge. The term log 6 is required only twice and is written as such. FEOO 2 Carbon dioxide concentration of mixed expired air. FACO 2 Mean carbon dioxide concentration of "'expired alveolar air" (Krogh and Lindhard, 1917) . VcOj Carbon dioxide output, in ml/minute. VDanat Anatomical deadspace.
The last four symbols listed refer to measurements on the human lung, whilst the remainder refer to the technique described in this paper.
APPENDIX
Mathematics of mixing.
The equation developed for this investigation resembles one originally proposed by Darling, Cournand and Richards (1944) , for use in lung function studies, and further elaborated by Briscoe and Cournand (1959) . For the present investigation the relevant equation was derived in three stages.
(1) Fresh air wash-out.
Consider firstly the wash-out of CO 2 -free air from the mixing chamber.
Breath 1: where C is the volume of the chamber and VT is the yolume of the breath, then C-VT is the amount of the original air left in the chamber on completing breath 1; its concentration=(C-VT)/C, or 1 -(VT/C). Consider secondly the wash-in of CO 2 -containing air from the Douglas bag. If B n is the volume of bag air in the chamber after n breaths, then: B u +A n = C.
Substituting in the previous equation:
Consider, thirdly, the build-up of CO, in the chamber. After n breaths the volume of CO 2 in the chamber=FB.B a and its concentration, F n , must equal Fn.B n /C, therefore Bn = F n .(C/FB).
(1) Since n is the index, a linear function of n can be obtained by logging equation (1):
Applying the basic equation.
Calculating the mixing efficiency essentially involves plotting log(FB-F n ) against n and measuring the slope of the line produced, from which the "effective" VT can be calculated. This raises the question of how best to measure the slope, where CO 2 estimation is the main source of error. The number of CO 2 estimations needed can be reduced if one of the two points used to measure the slope is at n=0, because from equation (2) where n=0, log (FB-Fn)=log FB. (Clearly this can only be valid where F n = 0.) The second point is obtained by measuring F n after n breaths and the slope is then given by:
A log (FB-Fn)/A a > °r [l°g (FB-Fn)-log FB]/n which is the same as: log[l -(Fn/FB)]/n From Equation (2) Thus VT can be calculated after making only two CO 2 measurements (FB and Fu). Equation (3) was used for calculating mixing efficiency of all mixing devices except the bag-in-bottle.
As shown above, the argument is only valid if F n =0 when n=0, that is where the chamber initially contains CO 2 -free air, and this is why, for the first series of experiments, initial CO 2 -removal was carried out.
One of the measurements required for equation (3) is the CO, concentration in the chamber after n breaths; therefore the next problem is to decide which value of n to select for this measurement. In general, points used to measure a slope should be as widely spaced as possible, e.g. where n = 0 and n = 15, but in this instance there is also an opposing tendency for accuracy to decrease as n increases. This is because, at high n values, the difference between FB and Fn steadily diminishes ( fig. 3a) , so that a given error in CO 2 estimation becomes progressively more serious. In other words, there must be an optimum breath number which minimizes the two sources of error.
Optimum.
The optimum n is found simply by solving equation (7), the derivation of which is as follows:
From equation (1), it was shown that: Fn = FB-FB[l-(VT/C)]n If Fn is wrongly estimated by +E, then the erroneous Fn value obtained, F n (E), is given by:
By re-arranging equation (1) above:
Equation (5) gives the value of VT when Fn is correctly estimated; if F n in equation (5) is replaced by the expression for F n (E) of equation (4), then the erroneous value of VT obtained, VT(E), is given by:
Equation (6) is therefore a general equation giving the error in the calculated VT that would be produced if Fn were overestimated by E. This equation can be used to find the optimum n by trial and error. The appropriate values of VT, C, E and FB are inserted and the equation is solved for a range of n values to find which gives the smallest VT(E) ( fig. 8a, b) . This is tedious unless good computer facilities are available, but a shorter route is obtained by differentiating the equation. Clearly at the point of inflection of the curve, the differential coefficient, dVT(E)/dn, is zero, so that substituting this in the differential equation and solving for n finds the optimum. Equation (6) does not readily differentiate, but, provided that E/FB is small compared with 1-VT/C (as it would be in all likely cases), then after applying standard calculus procedures it can be shown that:
The first approximation to the solution of this equation is: 
It follows from equation (7) that the optimum n depends only on VT and C, so that the appropriate n for any experiment is found merely by putting the relevant values for these two terms in the equation above and solving to the nearest whole number (fig. 9) .
The simple approximation equation above gives the The least error occurs at n = 3 in fig. 8a , whereas in fig. 8b the optimum n = 8.
selected and accurate CO 2 analyses, rather than from a large number. This was the reason for abandoning the earlier technique of making many F n measurements, plotting log (FB-F n ) against n, computing the line of best fit by the method of least squares and using this line to give the slope. The later method was also a good deal less laborious.
Bag-in-bottle experiments.
A slightly different approach was required for the bagin-bottle experiments. This was because, even when quite flat, the bag has a significant deadspace of about 120 ml, so that breath 1 delivers a short measure of CO 2 as compared with all subsequent breaths. Consequently the slope of the line relating n to log (FB-Fn) cannot be calculated from breath 0 and one other breath, as described previously. It can, however, be calculated from breath 1, together with one other breath, provided that the bag deadspace is completely washed out by the first breath.
Calculation. The relevant equation is derived in a similar way to that shown for equation (3). Where the two values of n used are n' and n", then the slope is given by:
[log (FB-Fn")-log (FB-F n ')]/(n"-n') Proceeding as for equation (3), the following result is 1300 VT ml   FIG. 9 . This is a theoretical curve which shows the way in which the optimum n varies with VT, when C is constant. The curve was obtained from equation (7), assuming perfect mixing and assuming C=4440 ml. The results agree with those of fig. 8a , b.
right answer, as shown by comparing the results obtained from it with those produced by computer using equation (6) and the trial-and-error method described previously. Some of the computer results are shown in figure 8a , b, in which the error in the calculated VT is shown for a range of n values; clearly the optimum n varies from 3 when VT = 1400 ( fig. 8a ) to 8 when VT = 500 ( fig. 8b ). This agrees with the results predicted from equation (7), shown in figure 9 . Figure 8a , b also shows that selecting n values at or near the optimum is more important at high VT levels; when VT = 1400, the error at n=7 is shown to be more than double the error at n = 3. A general conclusion from these studies is that better results are obtained with a small number of carefully obtained:
VT=C|1-antilogf log[(FB-F n // )/(FB-F n / )] n" -n' Equation (8) was used to calculate mixing efficiency with the bag-in-bottle experiments. The argument is valid only if the bag deadspace is completely washed out by the first breath. This was found to be a justifiable assumption at high VT levels of 1400 ml, since VT calculated from breaths 1 and 4 did not differ significantly from the answer obtained from breaths 2 and 5. However, VT calculated from breaths 0 and 3 was consistently smaller than the previous values by about 2 per cent, corresponding to a bag deadspace of about 120 ml. Similarly for lower VT values, of 500 ml, satisfactory results were obtained by using breaths 2 and 11. Se describe un metodo simple para medir la eficacia de los dispositivos para mezclar aire espirado. Estudios preliminares comparando diversas camaras de mezcla indican que el sistema de saco en botella es el mas eficaz. Se demuestra la dependencia de la eficacia de la mezcla de la VT, f y tasa de flujo espirado. Se distingue dos clases de falta de mezcla. Son discutidas las implicaciones clinicas, incluyendo las relacionadas con la medici6n del espacio muerto y el diagn6stico de embolismo pulmonar.
